Collagen is post-translationally modified by prolyl and lysyl hydroxylation and subsequently by glycosylation of hydroxylysine. Despite the widespread occurrence of the glycan structure Glc(␣1-2)Gal linked to hydroxylysine in animals, the functional significance of collagen glycosylation remains elusive. To address the role of glycosylation in collagen expression, folding, and secretion, we used the CRISPR/Cas9 system to inactivate the collagen galactosyltransferase GLT25D1 and GLT25D2 genes in osteosarcoma cells. Loss of GLT25D1 led to increased expression and intracellular accumulation of collagen type I, whereas loss of GLT25D2 had no effect on collagen secretion. Inactivation of the GLT25D1 gene resulted in a compensatory induction of GLT25D2 expression. Loss of GLT25D1 decreased collagen glycosylation by up to 60% but did not alter collagen folding and thermal stability. Whereas cells harboring individually inactivated GLT25D1 and GLT25D2 genes could be recovered and maintained in culture, cell clones with simultaneously inactive GLT25D1 and GLT25D2 genes could be not grown and studied, suggesting that a complete loss of collagen glycosylation impairs osteosarcoma cell proliferation and viability.
Collagen is post-translationally modified by prolyl and lysyl hydroxylation and subsequently by glycosylation of hydroxylysine. Despite the widespread occurrence of the glycan structure Glc(␣1-2)Gal linked to hydroxylysine in animals, the functional significance of collagen glycosylation remains elusive. To address the role of glycosylation in collagen expression, folding, and secretion, we used the CRISPR/Cas9 system to inactivate the collagen galactosyltransferase GLT25D1 and GLT25D2 genes in osteosarcoma cells. Loss of GLT25D1 led to increased expression and intracellular accumulation of collagen type I, whereas loss of GLT25D2 had no effect on collagen secretion. Inactivation of the GLT25D1 gene resulted in a compensatory induction of GLT25D2 expression. Loss of GLT25D1 decreased collagen glycosylation by up to 60% but did not alter collagen folding and thermal stability. Whereas cells harboring individually inactivated GLT25D1 and GLT25D2 genes could be recovered and maintained in culture, cell clones with simultaneously inactive GLT25D1 and GLT25D2 genes could be not grown and studied, suggesting that a complete loss of collagen glycosylation impairs osteosarcoma cell proliferation and viability.
Collagens, the most abundant animal proteins, are essential components of the extracellular matrix of various tissues and organs. Collagens are mainly located in connective tissue and regulate a variety of biological processes such as cell attachment, migration, proliferation, and differentiation (1) . Collagens feature specific domains composed of Gly-X-Y repeats with proline and lysine often occupying the X and Y positions. Nascent procollagen chains are modified co-translationally by prolyl 4-hydroxylation (2), prolyl 3-hydroxylation (3), lysyl hydroxylation (4) , and glycosylation of selected hydroxylysine (Hyl) 2 residues (5). Collagen modifications take place in the endoplasmic reticulum (ER) before completion of triple helix assembly (6) . The importance of collagen hydroxylation is underlined by various diseases linked to defective collagen modifications. For example, prolyl 3-hydroxylase 1 deficiency causes osteogenesis imperfecta with severe skeletal deformation (7) , and mutation in the lysyl hydroxylase 1 PLOD1 gene causes Ehlers-Danlos syndrome type VI (8) . Mutations in the lysyl hydroxylase 2 PLOD2 gene cause Bruck syndrome (9) , and mutations in the lysyl hydroxylase 3 PLOD3 gene cause connective tissue defects typical of collagen disorders (10) . A recently identified mutation of the prolyl 4-hydroxylase ␤-subunit protein disulfide isomerase causes Cole-Carpenter syndrome (11) . By contrast, the biological significance of collagen glycosylation remains elusive because no disease has been associated with the process, and no model organism harboring defective collagen glycosylation has been described to date.
The GLT25D1 and GLT25D2 genes encode Hyl-specific galactosyltransferase enzymes, which initiate collagen glycosylation (12, 13) . The gene encoding the ␣1-2 glucosyltransferase enzyme, which adds Glc to Gal, has not been identified yet, although the lysyl hydroxylase 3 enzyme has been claimed to also act as a collagen glucosyltransferase (14) . The resulting Glc(␣1-2)Gal disaccharide is strongly conserved in all animal collagens, from sponges up to mammals (14 -17) . Whereas GLT25D1 is broadly expressed across tissues, GLT25D2 is mainly expressed in brain tissue and at low levels in skeletal muscle (13) . The GLT25D1 and GLT25D2 galactosyltransferases share identical enzymatic activities and substrate specificities, because they are able to glycosylate various types of collagen to similar levels (13) .
Despite the recent identification of the GLT25D1 and GLT25D2 galactosyltransferases, little is known about the functional role of collagen glycosylation. Glycosylation has been shown to affect the binding of the urokinase-type plasminogen activator receptor associated protein (uPARAP) to collagen type IV, thereby implying collagen glycosylation in receptor-mediated matrix remodeling (18) . Also integrins appear to be sensitive to collagen glycosylation, because decreased integrin-mediated cell adhesion was measured on galactosylated collagen peptides compared with unmodified peptides (19, 20) . Glycosylation of Hyl is notably not confined to collagens. The collagen domains of multimeric proteins such as adiponectin and mannose-binding lectin also carry glycosylated Hyl, where lysyl hydroxylation and glycosylation influence protein oligomerization (21) (22) (23) . Considering the possible functional involvement of glycosylation in collagen folding and intracellular trafficking, we investigated collagen properties after inactivation of the GLT25D1 and GLT25D2 galactosyltransferase genes in osteosarcoma cells, which produce large amounts of fibrillar collagens, including collagen types I and V and minor amounts of collagen type III.
Results

GLT25D1 and GLT25D2 Inactivation in Osteosarcoma
Cells-Collagen glycosylation is initiated by the transfer of Gal to Hyl catalyzed by GLT25D1 and GLT25D2 galactosyltransferase enzymes. To identify osteosarcoma cell lines generating high amounts of collagen galactosylation, we first analyzed GLT25D1 and GLT25D2 gene expression in the three collagenproducing osteosarcoma cell lines SaOS-2, MG63, and U2OS (24) . As expected, GLT25D1 was the main collagen galactosyltransferase isoform expressed in osteosarcoma cells considering the restricted expression of GLT25D2 in brain and skeletal muscle (13) . The transcript levels of GLT25D2 represented only 1-4% of GLT25D1 levels in the three cell lines investigated (Fig.  1A) . As a comparison, the PLOD3 gene encoding the lysyl hydroxylase 3 enzyme was expressed between 0.5-and 2-fold the levels of GLT25D1 transcripts (Fig. 1A) . The three collagenmodifying genes were expressed at the highest levels in SaOS-2 cells. Considering the strong expression of collagen galactosyltransferases and lysyl hydroxylase 3 genes in SaOS-2 cells, as well as the prominent production of collagen type I and highly glycosylated collagen type V in these cells (25) , we primarily investigated the role of collagen glycosylation in SaOS-2 cells.
The GLT25D1 and GLT25D2 galactosyltransferase genes were inactivated in SaOS-2 cells using the CRISPR/Cas9 system (26) . Exons 7-10 of GLT25D1 and exons 7-12 of GLT25D2 encode the GT25 domain required for galactosyltransferase activity (Fig. 1B) . We therefore targeted exon 2 to disrupt GLT25D1 and exon 3 to disrupt GLT25D2. To control for annealing specificity, we used a guide RNA (gRNA) sequence nearly identical to the GLT25D1-targeting gRNA by including a single base mismatch (Fig. 1C) . We obtained 2 cell clones with null mutations at the expected location of GLT25D1 after screening 10 clones and 1 clone of 16 with a null mutation in GLT25D2. Sanger sequencing of the targeted GLT25D1 exon 2 revealed a homozygous mutation in the first cell clone and compound heterozygous mutations in the second cell clone. Sequencing of GLT25D2 exon 3 confirmed a homozygous point mutation at the expected genomic location (Fig. 1C) . The frameshift mutations detected in the GLT25D1 clones yielded truncated open reading frames that lack the catalytic GT25 FIGURE 1. Characterization of GLT25D1 and GLT25D2 inactivation in osteosarcoma cell lines. A, real time PCR analysis of GLT25D1, GLT25D2, and PLOD3 relative to GAPDH expression levels in SaOS-2, MG63, and U2OS cells (means Ϯ S.D., n ϭ 3 independent experiments). B, representation of GLT25D1 and GLT25D2 gene structure. Lines mark exons, blue lines mark the guide RNA (gRNA) target region, and red lines mark the glycosyltransferase coding region. C, sequences of gRNAs targeting GLT25D1 and GLT25D2 and sequences of the targeted segment in cell clones transfected with control gRNA (row C), with gRNA targeting GLT25D1 (row D1a, clone 1; row D1b, clone 2), and GLT25D2 (row D2). D, Western blotting of GLT25D1 in GLT25D1-null cells with and without overexpression of GLT25D1 cDNA (rGLT25D1). One representative experiment is shown (total n ϭ 3 independent experiments). E, galactosyltransferase activity in lysates of control (column C), GLT25D1-null (columns D1a and D1b), and GLT25D2-null (column D2) cells with and without GLT25D1 cDNA (rGLT25D1) overexpression (mean Ϯ S.D., n ϭ 3 independent experiments).
domain. To obtain cell clones containing both GLT25D1-null and GLT25D2-null genes, we transfected GLT25D1-null cells with the CRISPR/Cas9 construct targeting the GLT25D2 exon 3, which was successfully applied to disrupt GLT25D2. After screening 100 cell clones, we identified 14 clones carrying a single mutated GLT25D2 allele, but none that carried GLT25D1 and GLT25D2 genes inactivated on both alleles. SaOS-2 cells transfected with the mismatch control gRNA construct did not yield any genomic mutation in the GLT25D1 targeted region after screening 10 cell clones. These 10 cell clones were pooled and used as control cells in subsequent experiments. The loss of GLT25D1 protein expression in SaOS-2 cells bearing inactivating mutations was confirmed by Western blotting (Fig. 1D ). Changes in GLT25D2 protein levels could not be assessed because GLT25D2 remained undetectable by Western blotting analysis in the three osteosarcoma cell lines tested. The inactivation of the GLT25D1 gene yielded a strong decrease of collagen galactosyltransferase activity down to 3-7% of the reference activity in native SaOS-2 cells and in the transfection control (Fig. 1E) . Stable overexpression of a GLT25D1 cDNA transgene in GLT25D1-null cells increased collagen galactosyltransferase by 6 -8-fold. By contrast, the inactivation of GLT25D2 in SaOS-2 cells only marginally decreased collagen galactosyltransferase activity to 92% of control values (Fig. 1E ), thereby confirming GLT25D1 as the main enzyme mediating collagen galactosylation in SaOS-2. Taken together, these data confirmed the successful functional inactivating role of the introduced mutations.
GLT25D1 Inactivation Up-regulates GLT25D2 and COL1A1 mRNA Levels-GLT25D1 mRNA levels were significantly reduced in GLT25D1-null cells, indicating induction of mRNA nonsense-mediated decay (27) (Fig. 2A) . GLT25D1 mRNA levels were increased by 25% in GLT25D2-null cells, suggesting a possible compensatory effect by GLT25D1 upon inactivation of GL525D2. This increase of GLT25D1 transcript levels, however, did yield a corresponding increase of collagen galactosyl-FIGURE 2. Transcription analysis of collagen and collagen modifying enzymes. Real time PCR analysis was performed on GLT25D1-null (bars D1a and D1b), GLT25D2-null (bars D2), and control (bars C) cell lines with and without GLT25D1 (rGLT25D1) overexpression. Primers specific for GLT25D1 (A), GLT25D2 (B), PLOD3 (C), COL1A1 (D), and Col5A1 (E) were used. Statistically significant differences as determined by two-tailed Student's t test (p Ͻ 0.05) are marked by asterisks (n ϭ 3 independent experiments).
transferase activity as observed in Fig. 1E . Correspondingly, GLT25D2 was up-regulated 3-5-fold in GLT25D1-null cells (Fig. 2B) . Interestingly, GLT25D2 expression was also increased in GLT25D1-null cells overexpressing a GLT25D1 cDNA transgene. As documented in a recent study, functional inactivation of single genes often results in compensatory overexpression by paralogous genes (28) . Whereas GLT25D2 expression showed such a compensatory pattern, PLOD3 expression remained unchanged upon GLT25D1 and GLT25D2 inactivation (Fig. 2C) , indicating that loss of collagen galactosyltransferase activity did not lead to increased lysyl hydroxylase gene expression. Surprisingly, GLT25D1 inactivation induced a strong expression of the COL1A1 gene encoding a collagen type I polypeptide (Fig. 2D ). Normal COL1A1 expression was restored to control levels in GLT25D1-null cells upon overexpression of a GLT25D1 cDNA transgene, indicating that collagen galactosyltransferase activity was critical in regulating COL1A1 expression. Accordingly, COL1A1 mRNA levels were normal in GLT25D2-null cells (Fig. 2D) . The impact of collagen galactosyltransferase activity on collagen expression was specific to COL1A1 because COL5A1, encoding a collagen type V polypeptide, was insensitive to GLT25D1 and GLT25D2 alterations (Fig. 2E) .
Collagen Glycosylation in GLT25D1-null Cells Is Partially Restored by GLT25D2-To quantify the compensatory effect of GLT25D2 on collagen glycosylation in GLT25D1-null cells, we determined collagen post-translational modifications in endogenously produced collagen by amino acid analysis. Whereas the overall levels of modified lysine remained unchanged, the amount of glycosylated Hyl carrying the Glc(␣1-2)Gal disaccharide decreased in GLT25D1-null cells by 42 to 60%, and the amounts of free Hyl increased correspondingly (Fig. 3, A and B) . Alterations of collagen folding result in overmodification of collagen because of extended exposure of collagen substrates to prolyl hydroxylases in the endoplasmic reticulum (ER) compartment (7, 29) . Here, we did not detect any difference in hydroxyproline levels in GLT25D1-null collagen compared with collagen from control cells, suggesting a normal rate of collagen folding in GLT25D1-null cells.
Defects of triple helix formation because of altered posttranslational modifications of collagen often impair the trafficking of collagens (7, 30) . Under physiological conditions, only triple helical collagen is secreted, indicating that collagen secretion is directly proportional to triple helix formation (31) . We assessed the triple helical conformation of endogenous collagen in control and GLT25D1-null cells using circular dichroism. The ellipticity spectra showed the typical peak at 222 nm, as well as a minimum under 200 nm in both control and GLT25D1-null cells (Fig. 3C) . Thermal stability was determined by monitoring changes in ellipticity at 222 nm during heating collagen from 30 to 50°C. The heating curve consisted of two phases, possibly reflecting the mixed composition consisting of collagen type I and collagen type V. Both collagens extracted from GLT25D1-null and control cell lines exhibited similar thermal properties with a normal melting temperature of 43.2°C (Fig. 3D) . By contrast, denatured collagen derived from GLT25D1-null cells refolded 40% faster than collagen from control cells (Fig. 3E) . These results indicated that decreased collagen glycosylation affected the kinetic of triple helix formation but not triple helix thermal stability.
ER Accumulation of Collagen Type I in GLT25D1-null Cells-To confirm the increased collagen type I production in GLT25D1-null cells at the protein level, we first analyzed intracellular collagen amounts and distribution in control, GLT25D1-null, and GLT25D2-null SaOS-2 cells. In GLT25D1-null cells, collagen type I levels reached 150 -190% of control values as measured by immunofluorescent channel intensity (Fig. 4, A and B) . Collagen type I levels normalized upon GLT25D1 cDNA overexpression in GLT25D1-null cells. As noted for COL1A1 mRNA levels, inactivation of GLT25D2 did not alter intracellular collagen type I amounts. The increased collagen type I levels detected by immunofluorescence were further confirmed by Western blotting analysis (Fig. 4C) . Collagen expression in GLT25D2-inactivated cells was equal to control cells and to GLT25D1 cDNA-overexpressing GLT25D1-null cells (Fig. 4A) , indicating a minor impact of GLT25D2 inactivation on collagen expression.
Even though collagen type V contains 10 times more glycosylated Hyl residues than collagen type I (32), increased cellular amounts were only visible for collagen type I. Immunofluorescent staining for collagens type III and V remained unchanged in GLT25D1-null cells (Fig. 5A) . Inactivation of GLT25D1 may only affect collagen type I levels because this type of collagen is by far produced at highest amounts in SaOS-2 cells. To locate the site of collagen accumulation, we co-localized collagen type I with the ER marker protein disulfide-isomerase. Elevated collagen type I levels were clearly associated with the ER compartment as shown by co-localization with protein disulfideisomerase (Fig. 5B) . Staining of SaOS-2 cells with the Golgi marker giantin showed a dilatation of Golgi stacks and co-localization with collagen type I, thus indicating the translocation of collagen type I from the ER to the Golgi (Fig. 5C) .
Increased Collagen Type I Does Not Induce ER Stress-The intracellular accumulation of collagen type I and the occurrence of possibly improperly folded collagens could induce ER stress and thereby an unfolded protein response (33) in GLT25D1-null cells. To assess the possible induction of an unfolded protein response, we measured splicing of XBP1 (Fig.  6, A and B) , the mRNA levels of GRP78 (Fig. 6C) and ATF4 (Fig.  6D) as markers of the unfolded protein response. Tunicamycin was used as a positive control to induce the unfolded protein response (34) . Whereas tunicamycin treatment induced a robust unfolded protein response in control and GLT25D1-null cells, the three markers investigated remained unchanged in GLT25D1-null cells under conditions of collagen type I ER accumulation (Fig. 6, A-D) . The absence of unfolded protein response in GLT25D1-null cells indicated that the accumulation of collagen type I was not related to impaired collagen folding in the ER and delayed transfer to the Golgi apparatus. Because the accumulation of collagen type I could be related to delayed collagen secretion, we quantified collagen production and secretion. The main types of collagen secreted by SaOS-2 cells are collagen type I and the highly glycosylated collagen type V (24) . Both control and GLT25D1-null cells produced and secreted these two types of collagens normally as assessed by pulse-chase experiments (Fig. 7, A and B) . Even tough total collagen secretion was increased in GLT25D1-null cells, the rate of collagen degradation (Fig. 7C) and secretion (Fig. 7D ) remained largely unaffected in GLT25D1-null cells. The amount of collagen secreted measured after 1 and 2 h of chase was slightly higher in GLT25D1-null cells, but no difference was noticeable after 10 h, thus showing that loss of GLT25D1 maintained a normal rate collagen secretion.
Discussion
The inactivation of collagen galactosyltransferase GLT25D1 and GLT25D2 genes in osteosarcoma cells delineated the role of glycosylation in collagen expression and intracellular trafficking. Defective glycosylation had no impact on the rate of collagen secretion and triple helix thermal stability. By contrast, the loss of the main collagen galactosyltransferase isoform GLT25D1 led to ER accumulation of collagen type I in SaOS-2 cells. The intracellular accumulation of collagen type I resulted from increased collagen type I gene expression induced by low collagen galactosyltransferase activity. In addition, GLT25D1 inactivation was compensated at the transcriptional level by induction of GLT25D2, which is normally hardly expressed in osteosarcoma cells.
Genetic compensation consecutive to gene inactivation is an effect that has previously been described in animals and plants such as Arabidopsis (28) . Accordingly, compensation by induction of paralogous genes often occurs in parallel to lethal mutations (35) . Our results on the induction of GLT25D2 in GLT25D1-null cells are in agreement with such a compensa- tory reaction and underline the necessity to inactivate both collagen galactosyltransferase isoforms to obtain a complete loss of collagen glycosylation. Our failure to isolate cell clones harboring both inactive GLT25D1 and GLT25D2 genes supports the notion that collagen glycosylation could be essential for osteosarcoma cell viability and that the induction of GLT25D2 is required to prevent the complete loss of collagen galactosyltransferase activity when the main GLT25D1 isoform is disrupted.
The inactivation of GLT25D1 led to the up-regulation of collagen type I expression, which is the main type of collagen produced in SaOS-2 cells. Up-regulation of collagen type I in response to mutation of the post-translational machinery is also seen in fibroblasts from Bruck syndrome type 2 patients, in which mutations in PLOD2 encoding the lysyl hydroxylase 2 isoform decrease the level of telopeptide lysyl hydroxylation and thereby the formation of telopeptide-based intermolecular cross-links (9) . By contrast, hypermodification of collagen, as observed in osteogenesis imperfecta caused by delayed collagen folding, does not increase collagen type I production (36, 37) . The capping of Hyl by glycosylation may act as a signal for the packaging of folded collagen into vesicular structures (38) to be transported to Golgi cisternae. Other classes of glycosylation, such as N-linked glycosylation, also convey signals for folded glycoproteins to depart the ER compartment (39) . Carbohydrate-binding proteins, such as ERGIC53 (40), recognize glycan chains on glycoproteins and mediate their transfer to the cisGolgi compartment.
Collagen type I is regulated by various factors including interleukins, insulin-like growth factor-1, and transforming growth factor-␤ (41). Mice deficient for ␤1-integrin lack feedback regulation of collagen synthesis (42) . Because glycosylation was shown to impact collagen-integrin interaction, integrins may be involved in the collagen type I up-regulation seen in GLT25D1-null cells by modulated binding of collagen to integrin and subsequent alteration of transforming growth factor-␤ signaling. Another collagen-interacting receptor, uPARAP, also depends on collagen glycosylation for matrix remodeling. uPARAP mediates the preferential endocytosis of glycosylated collagen IV and V (18, 43) . uPARAP itself has no direct regulatory function in collagen expression because uPARAP Ϫ/Ϫ mice show normal collagen production. Nevertheless, uPARAP could be regulating collagen homeostasis by altered collagen uptake, thereby changing the intracellular collagen pool and making it available for intracellular feedback regulation.
Collagen glycosylation is conserved in the animal kingdom from sponges to humans (14 -17) , suggesting an important contribution of glycosylation to collagen properties in the extracellular matrix. In addition to the intracellular functions investigated in the present study of osteosarcoma cells, glycosylation may be involved in the organization of collagens in the extracellular space. Glycosylation has been suggested to regulate cross-link formation in fibrillar collagens (44) . Also, the glycosylation of collagenous domains of adiponectin, serum mannose-binding lectin, and complement factor C1q has been involved in the control of subunit oligomerization (45, 46) . Whereas the present study uncovered an unexpected link between collagen glycosylation and collagen type I expression in osteosarcoma cells, the inactivation of GLT25D1 and GLT25D2 in model organisms will be required to uncover the role of collagen glycosylation in shaping the extracellular matrix.
Materials and Methods
Cell Lines and Culture Conditions-SaOS-2 cells (ATCC: HTB-85), U2OS cells (ATCC: HTB-96), and MG63 cells (ATCC: CRL-1427) were provided by Dr. Roman Muff (Sarkomzentrum Zürich, University of Zurich). All cell lines were authenticated (Microsynth, Balgach, Switzerland) and negatively tested for mycoplasma contamination. The cells were grown in McCoy's 5A (modified) medium (Thermo Fisher, Waltham, MA) containing 15% fetal bovine serum (Biochrom, Berlin, Germany) at 37°C in 5% CO 2 .
Cloning and Transfection of CRISPR/Cas9 Vectors-The gRNA sequences for GLT25D1 exon 2 (forward: 5Ј-CACCGG-AAGAGTTTGTACCATTCCG-3Ј, reverse: 5Ј-AAACCGGA-ATGGTACAAACTCTTC-3Ј), for GLT25D2 exon 3 (forward: 5Ј-CACCGCCATGTGATGAAACTACGAC-3Ј, reverse: 5Ј-AAACGTCGTAGTTTC-ATCACATGGC-3Ј), and for the control construct (forward: 5Ј-CACCGGAAGAGTTTGTAC-CTTTCC G-3Ј, reverse: 5Ј-AAACCGGAAAGGTACAAACT-CTTC-3Ј) were ligated into the BbsI sites of pSpCas9(BB) (gift from Dr. Feng Zhang, Addgene plasmid no. 48139). Osteosarcoma cells were transfected using the AMAXA nucleofector kit (Lonza, Basel, Switzerland) according to the manufacturer protocol. The cells were selected for positive transfection with 0.5 FIGURE 5 . Immunofluorescent analysis of collagen type III and V and co-localization of collagen type I with ER and Golgi. A, immunofluorescent staining of control (column C) and GLT25D1-null (column D1) cells with anti-collagen type V and anti-collagen type III antibodies (red). B, co-localization of collagen type I (red) and the ER marker protein disulfide-isomerase (PDI, green). C, co-localization of collagen type I (red) and the Golgi marker giantin (green). White arrows point to Golgi and collagen type I-positive region.
g/ml of puromycin (Santa Cruz Biotechnology Inc., Dallas, TX). Single clones were isolated and analyzed for mutations in the targeted genes using the Surveyor nuclease assay (Integrated DNA Technologies, Coralville, IA) (47) and the primers 5Ј-GGAGAAGTGTCCTGTCCAGGGATAC-3Ј and 5Ј-ACA-GGGAACGGCTTGGGCAAAGGTC-3Ј for GLT25D1 exon 2 and 5Ј-CCCTGATGAAATTGGACCAAAGC-3Ј and 5Ј-TGC-CTTTCTTAAAAAGTGGGGG-3Ј for GLT25D2 exon 3. Mutations were confirmed by Sanger sequencing (Microsynth).
Cloning and Transfection of GLT25D1 Overexpression Vector-GLT25D1 cDNA was cloned from the pFastBacI baculovirus transfer vector from Ref. 13 in pcDNA3.1(ϩ) (Thermo Fisher) using the NotI and XbaI restriction sites. SaOS-2 cells were transfected using AMAXA nucleofector kit (Lonza). The cells were selected 48 h after positive transfection using 2.5 g/ml of Geneticin (Thermo Fisher) for 10 days.
Collagen Galactosyltransferase Assay-10 7 cells were lysed in 200 l of Tris-buffered saline, 1% Triton X-100, pH 7.4, for 15 min on ice. Nuclei and debris were removed by spinning at 13,000 ϫ g for 10 min at 4°C, and supernatants were used as enzyme source. Bovine collagen type I was heat-denatured for 10 min at 60°C and kept on ice until use. Activity assays included 10 l of cell lysate, 0.5 mg/ml denatured collagen acceptor, 60 M UDP-Gal, 50,000 cpm of UDP-[
14 C]Gal (GE Healthcare), 10 mM MnCl 2 , 20 mM NaCl, 50 mM MOPS (pH 7.4) and 1 mM 1,4-dithiothreitol. The reactions were incubated for 3 h at 37°C and stopped by the addition of 500 l of 5% trichloroacetic acid 5% phosphotungstic acid for 30 min on ice. Precipitated proteins were recovered on filters using a vacuum manifold and washed with 15 ml of 50% ethanol, and radioactivity was measured in a Tri-Carb 2900TR scintillation counter (PerkinElmer Life Sciences).
Quantitative PCR Analysis-Total RNA was extracted from 5 ϫ 10 6 cells using TRIzol reagent (Life Technologies, Inc.) according to the manufacturer protocol. First strand cDNA was produced using 2 g of total RNA and RevertAid reverse transcriptase (Life Technologies, Inc.). 10 l of 2ϫ SsoAdvanced universal SYBR Green Supermix (Bio-Rad) were mixed with 1 l of translated cDNA and 1 l of 10 M diluted primer pair (Table 1 ) in a 20-l reaction. Specific real time PCR primers (Table 1) for the unfolded protein response were selected from Oslowski and Urano (34) . Primers for collagen type I COL1A1 and collagen type V COL5A1 mRNA quantification were designed using the primer-BLAST software (48) and encompassed exon sequences flanking at least one intron.
Collagen Extraction-Osteosarcoma cells were grown to 70% confluency in DMEM containing 2% fetal calf serum, 50 g/ml ascorbate, and 50 g/ml catalase. Ascorbate and catalase were replenished every 48 h for 8 days. Medium and cells were collected and digested at 10 g/ml pepsin in 1 M HCl for 6 h at 22°C. Neutral pH was restored by addition of 1 M NaOH, and collagens were precipitated in 50% ethanol at Ϫ20°C overnight. Collagens were resuspended in 10 ml of 0.1 M acetic acid at 4°C for 48 h and then concentrated and purified using 100-kDa cutoff Amicon ultra centrifugal filter units (Sigma-Aldrich). Collagens were diluted to 0.1 mg/ml and stored at 4°C for 72 h prior to analysis.
HPLC Amino Acid Analysis-Purified collagens (10 g) were hydrolyzed in 500 l of 4 M KOH at 105°C for 20 h. Hydrolysates were neutralized using perchloric acid. Salt precipitates were removed, and supernatant was dried down under nitrogen, washed twice with 500 l of water, and then dried down again. Samples were resuspended in 100 l of water and derivatized using 9-fluorenylmethoxycarbonyl chloride following the procedure of Bank et al. (49) . Derivatized amino acid samples were analyzed by reverse phase HPLC (13) .
Circular Dichroism-Purified collagens were diluted to 0.1 mg/ml in 0.1 M acetic acid. Ellipticity was measured between 210 and 250 nm in a spectropolarimeter (J-810, Jasco) with a thermostatted quartz cuvette with 1-mm length. Thermal stability was analyzed at 222 nm under heating at a rate of 0.5°C/ min from 30 to 50°C. For refolding, collagen (1 mg/ml) in PBS was denatured for 5 min at 50°C, and ellipticity was monitored at 222 nm for 20 h.
Immunofluorescence-The cells were grown on sterile 11-mm glass coverslips for 48 h, then fixed in 4% paraformaldehyde in PBS for 15 min at room temperature and then permeabilized with 0.5% saponin for 10 min at room temperature. The cells were incubated with 5% bovine serum albumin (Sigma-Aldrich) for 1 h and then with primary antibodies diluted in PBS, 0.05% Tween, 1% bovine serum albumin for 1 h. After three wash steps in PBS, 0.05% Tween, the cells were incubated with secondary antibodies for 1 h at room temperature. The cells were washed three times in PBS, and the nuclei were stained with DAPI (Biotium, Hayward, CA). Coverslips were mounted on ProLong Gold antifade medium (Life Technologies, Inc.). Antibodies used were mouse anti-collagen type I (ab6308; Abcam, Cambridge, UK), rabbit anti-collagen type I (ab34710; Abcam), goat anti-collagen type III (ab24129; Abcam), rabbit anti-collagen type V (ab7046; Abcam), rabbit anti-GLT25D1 (ab151011; Abcam), mouse anti-protein disulfide-isomerase (RL90) (Alexis 804-012; Enzo Life Sciences, Lausen, Switzerland), and rabbit anti-giantin (ab24586; Abcam). The secondary antibodies used were goat anti-mouse 647 (ab150119; Abcam), goat anti-rabbit 488 (ab150077; Abcam,) and donkey anti-goat 488 (ab150129; Abcam).
Image Acquisition and Channel Intensity QuantificationCoverslips were imaged using a confocal laser scanning microscope type Leica TCS SP8 using a HCX PL APO CS2 oil objective lens at 63ϫ magnification, f1.4 numerical aperture at room 
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temperature. The fluorophores DAPI, Alexa 488, and Alexa 647 were excited sequentially at 405, 488, and 638 nm, respectively. The spectral emission detection unit was set between 415 and 525 nm for DAPI, between 495 and 590 nm for Alexa 488, and between 645 and 750 nm for Alexa 647. Images were recorded at a resolution of 1400 ϫ 1400 pixels at 1000 Hz, with a line average of 3, and z-stack (ϳ25) height was set to system optimized by the software. Images were recorded using two-hybrid detectors using the Leica LAS X software (Leica Microsystems AG, Heerbrugg, Switzerland). Three-dimensional images were projected to two dimensions using Imaris 7 (Bitplane AG, Switzerland) with the according MATLAB plugin (MathWorks, Bern, Switzerland) using MIP projection on the x-y plane. Channel intensities were quantified using ImageJ 1.50B (50) as described (51) . Western Blotting Analysis-5 ϫ 10 6 cells were lysed in radioimmune precipitation assay lysis buffer for 30 min on ice and then spun for 15 min at 13,000 ϫ g at 4°C. Amounts of 20 g of whole protein lysates were resolved on 10% SDS-PAGE. Proteins were blotted on a nitrocellulose membrane (GE Healthcare) and blocked in 5% skim milk powder in PBS for 1 h. The membranes were incubated overnight at 4°C with anti-GLT25D1 antibody at 1:250 (ab151011; Abcam), anti-collagen type I at 1:10,000 (ab138492; Abcam), or anti-␤-tubulin I at 1:10,000 (Sigma-Aldrich) in Tris-buffered saline, 0.05% Tween, 1% bovine serum albumin. Secondary goat anti-rabbit or goat anti-mouse antibodies coupled to horseradish peroxidase at 1:10,000 (Sigma-Aldrich) were diluted in Tris-buffered saline, 0.05% Tween and incubated for 1 h at room temperature.
Pulse-Chase Labeling of Collagens-The cells were plated in 6-well plates at 2.5 ϫ 10 5 cells/well and incubated for 24 h at 37°C. Medium was exchanged with DMEM (Sigma-Aldrich) with 10% fetal bovine serum (Biochrom AG) containing 50 g/ml ascorbate and 50 g/ml catalase, and the cells were incubated overnight at 37°C. The cells were washed once in PBS and then pulsed in 1 ml of DMEM, 50 g/ml ascorbate, 20 Ci/ml L-[ 14 C(U)]-proline (PerkinElmer Life Sciences) for 4 h. Chase was initiated by changing medium to DMEM, 50 g/ml ascorbate, 30 g/ml L-proline. Secreted and cellular collagens were digested in the cell medium using 25 g/ml pepsin in 1 M HCl for 2 h at 4°C. Neutral pH was restored by the addition of 1 M NaOH, and collagens were precipitated in 50% ethanol at Ϫ20°C overnight and then resuspended in Laemmli buffer. The collagens were separated in 9% SDS-PAGE and blotted on nitrocellulose membrane (GE Healthcare) prior to autoradiography. Band intensity was quantified using the open source software ImageJ (50) with the gel analyzer plugin.
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